Biomolecules positioned at interfaces have spawned many applications in bioanalysis, biophysics, and cell biology. This Highlight describes recent developments in the research areas of protein and DNA arrays, and single-molecule sensing. We cover the ultrasensitive scanning of conventional microarrays as well as the generation of arrays composed of individual molecules. The combination of these tools has improved the detection limits and the dynamic range of microarray analysis, helped develop powerful singlemolecule sequencing approaches, and offered biophysical examination with high throughput and molecular detail. The topic of this Highlight integrates several disciplines and is written for interested chemists, biophysicists and nanotechnologists.
Introduction
Analyzing biomolecular interactions with microarrays has helped usher in the genomic and proteomic area and revolutionized the biosciences. Initially DNA-chips, 1,2 and later, arrays of proteins, 3 peptides, 4 and carbohydrates 5 have become popular research tools. They condense biomolecular assays into a parallel and highly miniaturized format with the added benet of reduced sample and reagent consumption.
Of similar importance, analyzing biomolecules at the singlemolecule level has been the driving force towards an improved understanding of how proteins and DNA function. Singlemolecule detection can uncover unique sub-populations within the observed biomolecule species or trace temporal variations in their bioactivity, which can be masked in conventional ensemble assays. 6 This Highlight explores the exciting interface between biomolecular arrays and single-molecule sensing. Two topics will be covered in separate chapters: the rst is about the analysis of conventional microarrays with ultrasensitive methods. The read-out at the single-molecule level is of relevance as it offers scientic advantages. For example, mRNA and proteins can be directly measured at very low concentrations without signal amplication that may lead to distortions.
The second topic is the generation and use of single-molecule arrays. These are composed of individual proteins or nucleic acids that are positioned at dened sites on substrate surfaces. Similar to their conventional counterparts, singlemolecule arrays can be analyzed to yield high sensitivity. As a further benet, their high packing densities can increase the throughput of assays such as sequencing-by-synthesis of singulated strands. 7 The known position of isolated molecules can furthermore facilitate their biophysical and structural examination without interference from other nearby molecules.
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Finally, patterns of single biomolecules can be exploited in cell biology as tools to mimic cell surfaces and thereby study cell adhesion and signaling processes. [13] [14] [15] [16] [17] [18] Hence, while the second topic overlaps with the rst in the ultrasensitive read-out of arrays, it goes beyond this classical remit. Rather, it includes biophysical and cell biological studies which are of equal importance.
A concluding chapter will identify current trends in singlemolecule array analysis and potential future areas of development and research.
Single-molecule readout of microarrays and advanced ultrasensitive detection techniques
This chapter covers the sensing of microarrays with ultrasensitive methods and provides a brief survey of relevant advanced methods to detect individual protein or DNA molecules. Not all methods have yet been applied for array scanning. However, some have been used in the related context of creating single-molecule arrays. 22 This indicates the dynamic and overlapping nature of research into arrays and single-molecule sensing.
In one of the rst examples of the ultrasensitive readout of conventional mRNA microarrays, 21 wide-eld uorescence microscopy was used. 23 Scanning of microarray slides with areas of several cm 2 was achieve with a new fast read-out mode. 29 In addition, slides with optimized microarray coatings were used to attain highly specic analyte binding and minimize unspecic binding. Under these optimized conditions, the sensitivity was in the femtomolar range and the dynamic range was 4.7 logs (Fig. 1) . 21 The high-speed scanning of slides was also applied to monitor the expression of cancer cell subpopulations 24 and to characterize the variety of DNA molecules with large genomic and tandem repeat mutations. 25, 26 As a limitation, wide-eld uorescence microscopy can only detect individual molecules when they are spaced beyond the diffraction limit at low surface densities.
To resolve individual molecules at high bulk concentrations, zero-mode waveguides have been developed. 27 In these analysis platforms, glass substrates are coated with 100 nm thin metallic masks featuring nanoscopic holes with diameters smaller than the wavelength of light. The resulting small excitation volume of a few zeptoliters helps illuminate single molecules within bulk concentrations of up to 20 mM. Zero-mode waveguides are used for a sequencing-by-synthesis approach which tracks the polymerase-mediated incorporation of uorescence-labeled nucleotides present at high concentrations.
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Other routes based on conventional light microscopy can achieve nm-resolution for single molecules spaced below the diffraction limit. 29 The rst approach of these super-resolution methods, stimulated emission depletion (STED) microscopy, 30 restricts the excitation volume to a diameter of around 100 nm, analogous to zero-mode waveguides. In STED, the restriction is achieved with a pair of laser pulses. The rst focused excitation laser pulse is followed by a STED pulse for efficient de-excitation of the previously excited uorophores, resulting in a residual excited volume of sub-wavelength diameter. 31, 32 In combination with raster scanning, super-resolution images can be obtained for the diffusion of individual lipid and protein molecules within the plasma membrane of living cells. 33 The concept of STED has also been used for generating arrays of binding sites that can be decorated with single protein molecules, 22 as discussed in the next chapter.
The other super-resolution microscopy methods rely on the sequential activation of photoswitchable uorophores and subsequent single-molecule imaging. In photoactivated localization microscopy (PALM) 34, 35 uorescent dyes are activated using a laser pulse. The illumination time and intensity is chosen to limit the density of activated uorophores to a sufficiently small number which can be detected with optical, diffraction-limited imaging systems. 36 Utilizing PALM for timeresolved super-resolution microscopy was made possible by an engineered uorescent protein which is sufficiently photostable to enable localization with high precision yet amenable to efficient photo-deactivation to achieve a high contrast between the on and off state.
Stochastic optical reconstruction mircoscopy (STORM) 37 is the second method of generating a sparse set of active uo-rophores. As the probe, a pair of Cy3 and Cy5 uorophores is used. Cy5, excited using a red laser, is imaged till it switches to its dark state. Exposing the Cy3-Cy5 pair to a green laser converts Cy5 back to its uorescent state. The process can be repeated hundreds of times before irreversible photobleaching occurs. Recently, STORM has been utilized for measuring mRNA levels within intact cells in a parallel manner. 38 Utilizing the resolution power of STORM in combination with 7 superresolution uorophore pairs for spectral barcoding, 32 genes in individual S. cerevisiae cells could be quantied. The concept of STORM has been extended to 3D-imaging 39 to monitor the dynamics of transferrin and clathrin-coated pits in live cells. 40 A simplied version of STORM called direct STORM (dSTORM) utilizes conventional cyanine dyes (Cy5, Alexa647). 41 The reversible switching between dark and uorescent state is achieved by illumination with 647 nm (turn dark) and 514 nm (turn uores-cent) laser light, respectively. Using dSTORM, the dynamics of protein complexes within cells has been imaged with 20 nm resolution and movements with 3 nm s À1 could be captured.
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The last technique for high-resolution uorescence detection is NSOM. 43, 44 Here, visible light from an optically coated ber emanates from an aperture of a few tens of nm to illuminate a small volume. Raster scanning with the probe allows imaging of micrometer-sized samples with high sub-wavelength resolution and single uorophore sensitivity 45 as shown for DNA 46 and membrane-diffusing lipids.
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Information on other optical single-molecule detection assays in bioanalytical applications as well as advantages and limitations of corresponding ultrasensitive detection techniques are provided in several reviews. The non-optical scanning probe approach of atomic force microscopy (AFM) is the most popular method for analyzing the shape, dimensions, and intramolecular and intermolecular forces of individual molecules. 50 Among the many AFM variants and modes, three are most relevant for biopolymers. For molecular recognition, surface-bound biomolecules can be detected by cognate receptor molecules tethered to the AFM tip. 51 This imaging can be combined with the regular topographic mode. 52 Another related variant termed force spectroscopy, does not provide visual information in terms of lateral scans but studies the force-dependent interactions between individual surface-bound molecules and a receptor-coated cantilever 53, 54 or within individual biological molecules 55 to elucidate energetic, dynamic, and structural aspects of molecular processes such as DNA unzipping 56 or protein unfolding. 57, 58 Finally, the slow-scanning read-out of serial AFM is being overcome by high-speed atomic force microscopy. This mode allows direct visualization of dynamic structural changes and dynamic processes of functioning biological molecules in physiological solutions and at high spatiotemporal resolution.
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Single-molecule arrays
This chapter describes the generation and different applications of single-molecule arrays. What constitutes these regular assemblies? In keeping with the format of conventional microarrays, single-molecule arrays can be understood as spatially dened and usually regular alignments of individually discernible molecules on planar surfaces. Indeed, single-molecule arrays represent the endpoint of a trajectory which has started with DNA and protein microarrays and has led to nanoarrays featuring a small number of molecules per spot. It is, however, also clear that the concept of planar assemblies has to be expanded into 3D to include nanotopographical surfaces and arrays of nanoparticles, beads and lipid vesicles which carry or contain individual biomolecules.
How, and how easily, can single-molecule arrays be generated? Their fabrication can be challenging due to the experimental difficulty in handling and positioning individual biomolecules. Several established nanopatterning methods [61] [62] [63] [64] can be adapted to achieve this aim. In general, arrays of biopolymers can be obtained following one of the two routes of nanopatterning, namely top-down or bottom-up.
63,64
Top-down
In the top-down route, nanopatterns are made by physical or physico-chemical methods employing macroscopic tools. The large variety of top-down approaches can traditionally be further sub-categorized depending on whether the patterning is conducted in a serial fashion using e.g. an AFM cantilever or in a parallel fashion with a macroscale stamp. But this distinction has been blurred with the arrival of highly parallel AFM cantilever arrays.
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Given this Highlight's focus on the positioning of individual molecules, a different criterion is used. The distinction is made between the direct and indirect deposition. In the direct route, target biopolymers are transferred from a nanoscale carrier onto an otherwise unstructured surface. By comparison, in the indirect route molecules specically adsorb from solution onto nanoscale sites of a pre-structured substrate.
Representative methods for the rst, direct approach use a biomolecule-lled nanopipette which ejects individual or small numbers of biopolymer molecules. 66 Other nanoscale carriers are "dip-pen" AFM cantilevers which are "inked" with biopolymers 67 to transfer them onto the substrate upon writing. Deposition may also be achieved in a more parallel fashion with arrays of AFM cantilevers or via contact printing with nanostructured stamps 68,69 which may optionally be assembled from microscale particles.
70
For indirect patterning, biomolecules bind to chemically or electrostatically adhesive nanopatterns. Patterning with a chemical nanopatch was, for example, achieved with serial AFM-based nanograing where the cantilever scratches a hole into a surface-passivating layer to expose an adhesive nanopatch onto which individual biomolecules can bind.
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Similarly, the AFM-based dip-pen nanolithography can generate nanopatterns of organic capture molecules for the immobilization of target biomolecules. [73] [74] [75] The adhesive nanoislands can also be generated with complementary parallel methods including classical procedures and variants of e-beam and UV lithography, 76-82 nanoimprint lithography, 83 and the above mentioned nanocontact printing.
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Several of the methods have been used to generate singlemolecule arrays. A few reports are highlighted here. In the direct deposition route, individual nucleic acid molecules are positioned onto a substrate by taking advantage of the precision of AFM (Fig. 2A) . Using a copy-and-paste approach based on reversible hybridization, DNA oligomers were picked up from a depot area on a chip by means of a complementary DNA strand which had been tethered to an AFM tip. 67, 85 The picked-up strands were then transferred to and deposited on a target area by formation of a more stable duplex with a substrate-immobilized capture strand. The approach helped create simple geometrical structures assembled from the single-molecule units. To conrm that individual molecules had been transferred, each cut-and-paste transfer event was characterized by single-molecule force spectroscopy and single-molecule uo-rescence microscopy.
In comparison to the rather time-consuming nature of the direct deposition route, the complementary indirect route can bind in highly parallel fashion, molecules to millions of predened sites on a nanopatterned substrate. Key to achieving the desired stoichiometry of one molecule per nanosite is to limit the dimensions of the latter to those of the former. Hence, arraying large biopolymers with a diameter of around 100 nm is easier than those of 5 nm because substrate patterns with feature sizes of 100 nm are more readily fabricated. In one example of the indirect deposition of large particles, individual single stranded DNA molecules resembling nanoballs of 300 nm diameter were immobilized onto lithographically generated nanodisks of equal diameter. 7 The nanoballs were formed due to the engineered presence of self-complementary sequence elements which caused DNA to fold back onto itself. Electrostatic interaction caused the negatively charged nucleic acid nanoball to bind to the organically coated and positively charged surface nanopatches. The arraying of DNA was carried out to facilitate single-molecule sequencing-by-synthesis. Similar to related assays, the template-directed incorporation of uorescent nucleotides into the nascent DNA was monitored. The new aspect was that each DNA strand contained concatenated copies of the same DNA sequence, thereby increasing the signal-to-noise ratio as multiple identical molecular uores-cence reactions took place per nanospot. Positioning DNA nanoballs in the array format had the added benet of increasing their surface density resulting in a higher throughput in read-out compared to random, less dense biomolecule assemblies.
DNA strands were also immobilized onto size-matched nanopatterns in another sequencing approach based on zeromode waveguides. In these analysis platforms, a glass slide is coated with a 100 nm-thick aluminum layer which contains an array of holes 70 nm across which is similar to the size of the analyzed DNA duplexes (Fig. 2B) . For sequence-bysynthesis, a DNA polymerase is rst immobilized at the bottom of the nanocavities to capture. In a second step, individual DNA strands at a 1 : 1 stoichiometry per well.
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The zero-mode waveguides limit the uorescence excitation volume to a few zeptoliters to enable the use of mM concentrations of uorescence-labeled deoxyribonucleotides. These high concentrations are required to drive enzymatic polymerization.
Smaller biopolymers have been arrayed by decreasing the size of the nanopatterns, as illustrated for a double stranded DNA of 100 base pairs or around 30 nm length. In this case, the indirect deposition method of AFM nanograing was employed.
10 A lm of octadecanethiol was rst physisorbed onto an atomically at gold substrate to create a non-adsorptive layer. Patches of this lm around 50 nm in size were subsequently scratched away with the AFM cantilever to expose the underlying adhesive gold surface. Incubating the holes with a solution of thiolated DNA duplexes led to the binding of individual molecules (Fig. 2C) . To avoid immobilization of multiple strands, an excess of positively charged alkanethiol was added to coat the remaining areas of bare gold. The formed positive patch also electrostatically stabilized the binding of the DNA duplex to the surface. The DNA duplexes were visualized by AFM. In further studies, the individualized DNA strands were observed within the controlled nanoscale environment thereby helping to decouple the intrinsic properties from the heterogeneity caused by the local environment.
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Compared to relatively large DNA duplexes, the immobilization of individual smaller protein molecules requires the generation of nanospots which approach or match the size of protein targets. In one example, a few to individual antibody molecules of 10-15 nm size were immobilized on small polymeric nanopatches of 60-70 nm. Arrays of the nanofeatures were fabricated by photo-polymerizing acrylic precursors with a two-photon STED technique 22 which was originally developed for high-resolution uorescence microscopy. The adsorbed antibodies remained bioactive as shown by probing their interaction with the cognate antigen which was located within bilayer membranes.
In another study, the immobilization sites were sub-ten nm gold nano-particles. The small particles were generated by scanning probe block copolymer lithography. 86 In this specic form of dip-pen lithography, polymers chelated with metal ions are deposited on a chip and later annealed and reduced to form the metal particles. Proteins were immobilized on top of gold crystal scaffolds via an intermediary alkylthiol monolayer. The number of immobilized proteins was found to depend on the particles' size; when the nanospheres' size approached the dimensions of a protein molecule, each gold scaffold supported a single protein. This was demonstrated with both gold nanoparticle and quantum dot labeling coupled with transmission electron microscopy imaging experiments. The immobilized proteins remained bioactive, as shown by enzymatic assays and antigen-antibody binding experiments.
The concept of immobilizing biomolecules on spherical templates has also been exploited with larger microscale beads. Unlike the previous method of immobilization on top of the nanoscaffold, individual DNA strands were beneath the microspheres as they function as a molecular tether to the underlying nanopatterned substrate prepared by contact printing. 87 The interfacial position was central in achieving a 1 : 1 stoichiometry because, following Poisson distribution, only one to a few DNA strands on the curved bead surface were physically proximal to the planar substrate. Hence, the density of biomolecules on the bead surface is an important parameter to achieve singlemolecule arrays. 88 The particular DNA-bead array was used to measure the variation in the effective length of the DNA tether. The experimental observable was the Brownian motion of the beads. This helped to uncover biophysical changes to the DNA structure which were induced by interaction with proteins. The advantage of the single-molecule array was an increased data output for the parallel force spectroscopy as opposed to conventional time-consuming serial assays. Apart from the immobilization on surfaces of physically hard planar or curved substrates, arrays have also been obtained with so spherical bilayer vesicles or water-in-oil droplets. Encapsulation in aqueous environments can help maintain the biomolecules' activity or structural integrity which may otherwise suffer by immobilization on inorganic substrates. 89 The fragile uid compartments require, however, careful patterning approaches. In one study, lipid bilayer vesicles have been assembled on microstructured substrates via multiple DNA duplexes formed by oligonucleotide anchors. 90 With water-in-oil droplets, the assembly was shown to take place on hydrophilichydrophobic micropatterned surfaces 91 which were optionally linked to ber optic arrays for direct optical readout.
92,93 When applied to encapsulated enzymes, the atto-to femtoliter nanoreactors enabled single-molecule kinetics studies in a highly parallel format. 93 The signal of individual enzymes was amplied by uorogenic substrates.
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It is noted that in the above mentioned micro-sized droplets and vesicles, single molecules are no longer present at a 1 : 1 stoichiometry but Poisson-distributed because the nanocontainers are larger than the proteins which removes the sizedependent restriction of other physically hard nanopatterns such as zero-mode waveguides. In another variant droplet array, water-in-oil vesicles are mixed with phospholipids to form a lipid-monolayer lining the water-oil interface. When droplets are in physical contact, a bilayer is formed. 94, 95 Individual protein channels can insert at the interface bilayer leading to electrically detectable channel networks.
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Lipid bilayers in the planar rather than vesicular form have also been exploited for single-molecule studies. By their nature, planar bilayer arrays are ideal to study membrane proteins including ion channels and nanopores with microscopic techniques. Planar arrays have been created by layering membranes on microstructured solid substrates and, 97-101 more recently, by spanning them across water-lled cavities. [102] [103] [104] The latter format is scientically attractive as the absence of any underlying solid support enables the integral membrane protein to freely diffuse in the bilayer thereby mimicking their natural biophysical behavior. As an additional benet, powerful singlechannel current analysis can examine ion channels and nanopores provided the bilayer is formed over cavities containing individual microelectrodes.
102-104 These chip-based nanopore microarrays are important as they enable the parallel highresolution electrical analysis of channels as well as analytes which pass through individual protein nanopores. In future, the bilayer arrays will likely play an important role in the sequencing of single DNA strands by nanopore recording.
105,106
In this respect, arrays of top-down fabricated solid-state nanopores are also mentioned 107-109 even though they are not yet able to distinguish individual bases.
Bottom-up
The top-down route towards single-molecule arrays is complemented by bottom-up self-assembled lattices. Top-down methods are excellent for periodicities from the microscale down to around 50 nm, but the range from 50 nm to 1 nm is accessible via bottom-up routes. In general, self-assembly is a remarkable process and can lead to the formation of planar arrays on interfaces as shown for nucleotides, 110 small organic aromatic molecules, 111 organic polymers, 13 and inorganic particles. 112 Natural and engineered proteins [113] [114] [115] and DNA nanostructures 116-119 also form lattices but do not require solid supports because the biopolymers' sophisticated structure enables a lock-and-key-like interaction of the subunits during self-assembly.
Among the most prominent proteins capable of self-assembling into planar lattices are bacterial S-layers. These protein arrays constitute the outermost cell-wall coat of many bacteria and all archaea and form, in most cases, by self-assembly of a single protein species. 120 Relevant for patterning purposes, protein subunits are arranged in different lattice symmetries (oblique, square or hexagonal) and are separated by inter-subunit distances which vary between 2 and 20 nm depending on the Slayer type. 113, 121, 122 The proteins also self-assemble in vitro into microscale products. 123, 124 The structures of different lattices have been visualized with AFM and electron microscopy at nanoscale resolution, and, more recently, with X-ray crystallography to atomic resolution (Fig. 3A) . 125 The availability of the detailed molecular picture will facilitate rational engineering of S-layers but is also an achievement in itself. In particular, the recent X-ray study has overcome the inherent difficulty 126, 127 of obtaining 3D lattices from protein that naturally assembles into 2D lattices. 125 (B) DNA nanoaffinity templates create dense, nonoverlapping arrays of protein molecules.
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How can individual molecules be immobilized on S-layers and used for the purpose of single-molecule arrays? The attachment of molecules to the lattices can, similar to the topdown approach, proceed in direct and indirect fashion. In the context of bottom-up, it implies linking the cargo to the S-layer subunits either before or aer lattice assembly, respectively.
Given the dened nanoscale and repetitive structure, S-layer lattices can immobilize proteins or vaccine epitopes in high nanoscale density 120 thereby mimicking one of their natural functions as immobilization matrices for exoenzymes. 129, 130 In another application, the single-molecule periodicity of the engineered S-layers was more fully exploited to provide a reference structure to evaluate the resolution of an AFM technique.
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Specically, a lattice displaying peptide tags helped demonstrate an imaging mode where the cognate receptor is attached to the AFM tip. By using read-out via simultaneous topography and recognition imaging, the nanoarray conrmed the validity of the high-resolution approach by yielding maps of the affinity sites with a positional accuracy of 1.5 nm. In a related study, protein affinity arrays were prepared by cloning streptavidin domains.
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While useful, one of the drawbacks of S-layers is their somewhat limited and locked-in lattice periodicity. Consequently, there is interest to obtain biomolecular arrays with tunable spacing. Different types of protein arrays other than the S-layer are available 114 but these are similarly restrained in lattice symmetries. An attractive alternative to protein-based lattices are DNA nanoarrays. 134 These nanostructures are more exible with regard to spacing and geometry. Structurally dened DNA nanoarrays can be generated by sequence-specic self-assembly of component DNA strands. Assembly can be pursued following two main routes that differ with regard to the type of building blocks. In the rst case, the smaller units are DNA tiles of about 10 nm size which are assembled from synthetic DNA oligonucleotides. One widely used type of DNA tile contains two parallel aligned duplexes connected by a double-crossover (DX) motif 116 but other tiles with alternating geometries exist. 116, 117 To facilitate assembly into larger structures, DNA tiles can be equipped with DNA overhangs of complementary sequence. 135 The resulting pattern can be around hundreds of micrometers large 118, 135 but are usually highly repetitive. 136, 137 Indeed, the tiles can be assembled into highly ordered 3D lattices suitable for analysis by X-ray crystallography.
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A second type of DNA assembly can overcome this repetitiveness. Unlike tiles, the so-called origami nanostructures are formed by hybridizing at least one long DNA scaffold strand and several smaller oligonucleotide staple strands. [139] [140] [141] Benets of the origami design include a larger unit size of up to 100 nm and the engineering of unique non-repetitive sites which stem from the use of unique DNA sequences. Due to their large size, the origami structures already constitute arrays. However, they can also be used as building blocks to assemble larger lattices, similar to DNA tiles. This can be achieved by connecting origami either via sticky DNA ends, 142 complementary concave and convex edges similar to pieces of a jigsaw puzzle, 143 or by using a preformed DNA-based scaffold frame onto which smaller origami units can latch. 144 The DNA scaffold can also be designed to achieve curved shapes.
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In one variant route, DNA origami-type structures can be assembled without the use of a long DNA scaffold thereby increasing exibility in design. Rather, the architectures are formed solely from single-stranded DNA molecules. These small bricks have no ordered structure before they are incorporated into the superstructure. 146 Nevertheless, hundreds of bricks were incorporated into a 2D lattice comparable in size to that of classical 2D DNA origami. 147 The brick-based strategy is also suitable to form 3D architectures 148 including membranespanning nanopores which require chemically modied DNA strands.
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How can individual molecules be attached to DNA arrays? Cargo molecules can be placed at predened sites via reactive chemical functional or bioaffinity groups. These functional moieties can be incorporated into the lattice by means of chemically modied DNA oligonucleotides that carry thiol, amino, and azide groups, or bioaffinity tags such as biotin or DNA strands. Cargo can be incorporated into the array either prior to or aer assembly, corresponding to the direct or indirect route, respectively. The former strategy is ideal for small molecules such as uorescent dyes, while the latter is preferred for large cargoes which would otherwise interfere with lattice assembly. Indeed, DNA lattices have been used as templates to form arrays of gold nanoparticles, 151,152 quantum dots, 153 or other nanoparticles, 154, 155 as well as proteins [156] [157] [158] [159] and DNA.
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What can DNA arrays be used for? Placing individual molecules in regular 2D crystalline lattices has been exploited in structural biology to aid the investigation of a protein's molecular architecture.
128 Usually, cryomicroscopy examines noncrystalline protein samples by image reconstruction from noisy snap-shots of individual proteins. The random distribution of the sample is, however, associated with problems in image processing. Positioning thousands of proteins in a dened orientation via a DNA tile template (Fig. 3B) overcomes these hurdles by greatly facilitating data collection, as illustrated with a G-protein-coupled membrane receptor, a soluble G-protein, and their binary complex.
128
In other applications, DNA arrays were used as molecular pegboards for placing fewer molecules at pre-dened yet tunable sites and distances. Particularly versatile in this respect are planar DNA origami squares or rectangles of around 100 nm in length, although other shapes are possible.
140,160 These platforms have opened up many exciting applications in biophysics, chemistry, uorescence microscopy, and nanobiotechnology. In biophysics, a at DNA rectangle was equipped with arrays of two molecular recognition motifs separated by variable distance. This helped probe the spacing-dependent binding of bivalent analytes and shed light on the biophysics of this process. 161 In chemistry, diffusion of a reactive oxygen species was studied as a function of the nanoscale distance between a light-activated photosensitizer and corresponding photocleavable moieties suitable for AFM read-out. 162 For super-resolution uorescence microscopy, DNA arrays were equipped with single uorophores at dened nanoscale distances to serve as reference standards.
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Fluorophore pairs were also used for FRET studies. 163 An exciting development is the use of DNA arrays to enhance uorescence by metallic nanoparticles which set up a plasmonic hotspot of zeptoliter volume. These nanoantennas were prepared by attaching two gold nanoparticles onto a pillarlike DNA origami structure, which also incorporated a docking site for a single uorescent dye in the gap between the two particles. 164 In nanobiotechnology, the placement of individual protein 140, 165 and DNA molecules onto dened sites of DNA origami has led to artistically ambitious or dynamic nanopatterns. In graphically inspired experiments, individual proteins were used as pixels to draw a nanoscale version of a smiling human face. 140, 165 By comparison, in a dynamic patterning approach 166 single stranded DNA extensions functioned as tracks to guide the movement of individual molecular spiders. The legs of the spider were single stranded DNA which hybridized to the DNA guides. The resulting duplexes could be enzymatically cleaved to release the full-length spider legs to achieve directional movement.
167 DNA arrays displaying individual DNA molecules have been exploited for other forms of robotic movement.
168,169
Conclusions and prospects
This Highlight has described the exciting interface between single-molecule sensing and biomolecular arrays. This combination of two research areas has led to many new scientic insights and methodological developments. But how widespread is the ultrasensitive analysis of conventional microarrays in research settings? Which role do single-molecule arrays play in the competitive commercial markets of sequencing and diagnostics as well as in academic laboratories?
As detailed above, the single-molecule readout of conventional microarrays was pioneered several years ago and yielded tangible analytical benets in terms of detection limit and dynamic range. But scanning of slides down to the singlemolecule level has not been taken up by many other research groups. Possible reasons include the technological lock-in onto conventional array formats which can use glass substrates of several mm thickness. By contrast, the ultrasensitive scanning via wide-eld uorescence microscopy requires glass thicknesses of around 150 mm. Their more wide-spread use requires the development of easy-to-use single-molecule microarray analysis platforms. For hypothesis-free screening on unknown or mutated targets, microarrays are being gradually replaced by modern sequencing techniques.
By comparison, single-molecule arrays have made inroads into sequencing applications. The high through-put for singlemolecule analysis has been exploited in DNA-nanoball arrays, zero-mode waveguides, and highly parallel nanopore recordings. Other advantages for sequencing in array format include lowered reagent consumption, as well as reduced and ampli-cation-free processing of samples. The more wide-spread use of these single-molecule techniques is also facilitated by the fact that sequencing technology is usually located in a few sequencing centers and operated by dedicated staff. While the methods are either close to or already commercially available, they face strong competition from other non-single-molecule sequencing techniques.
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Commercial interest into single-molecule arrays also exists in the eld of diagnostics. Here, one trend is the use of beadbased arrays in combination with an integrated read-out mode to span the extremes between single molecules and saturating analyte concentrations. For example, a dynamic sensing range of over 6 orders of magnitude was achieved for the diagnostically important prostate-specic antigen.
170, 171 The impressive results were achieved by capturing the analytes on the beads with a conventional immune-sandwich assay, singulating individual beads within an array of 50 femtoliter wells, and detecting bead-associated enzymatic activity by uorescence scanning. At lower analyte concentrations, individual molecules were counted while at higher concentrations the uorescence intensity per bead was averaged. 170, 171 The spread of singlemolecule diagnostics into point-of-care settings will likely be facilitated by several other developments including singlemolecule detectors with a small footprint, 172 uorescence-enhancing nanostructured metal surfaces to ease detection with less costly equipment, 173 and soware to simplify the processing of large single-molecule data sets for improved format standardization, easier dissemination, and transparent analysis.
174
Within academic laboratories, single-molecule arrays have been used by many groups for biophysical and, to a lesser extent, for cell biological research. While it is difficult to predict specic topics in future research, existing studies suggest that arrays of single molecules with microscale periodicities can boost cell biological investigations. Once successfully prepared, the proposed arrays could also ll gaps in the range of currently available formats. Possible technological routes towards the micro single-molecule arrays will likely rely on the synergistic combination of top-down patterns of 50 nm feature size with bottom-up atomically precise DNA nanostructures of 50 nm size. For example, the top-down-generated nanopatterned surfaces could be decorated with structurally ne-tuned DNA nanoarchitectures displaying individual molecules. Existing reports have demonstrated the principle of this route 175, 176 but further research is required to attain the proposed single-molecule arrays.
In conclusion, the ultrasensitive scanning of arrays and the development of single-molecule arrays has had an impact on scanning, sequencing and diagnostics and opened up the opportunity to address many previously unexplored biophysical and biological phenomena.
